In contemporary earthquake-regulations, effects of torsional irregularity are represented by augmenting accidental lateral load eccentricities by a factor which depends on the so called torsional irregularity coefficient. The purpose of this study is first to determine the conditions for excessive torsional irregularity and then to discuss the validity of code provisions. In order to achieve this aim, a parametric investigation is performed on six groups of typical structures with varying structural wall positions and story numbers. It is found that torsional irregularity coefficients increase as the story numbers decrease, i.e. maximum irregularity coefficients occur for single-story structures. They reach maximum values when the asymmetrical structural walls are placed as close as possible to the gravity centers. On the other hand, floor rotations increase in proportion to the story numbers i.e. maximum floor rotations occur for highest story numbers. They attain their maximum values for the structures where the walls are in farthest positions from the gravity centers. It is found that the results obtained for torsional irregularity coefficients and floor rotations are quite contradictory. A provisional new definition for torsional irregularity coefficient based on floor rotations is proposed.
INTRODUCTION
Earthquake field investigations repeatedly confirm that irregular structures suffer more damage than their regular counterparts. Torsional irregularity is one of the most important factors, which produces severe damage (even collapse) for the structures. A large number of studies exist which investigate various aspects of torsional irregularity including
• Geometric asymmetry, [1] , [2] , [3] , • Stiffness distribution, [2] , [4] , [5] , • Analysis methods, (static, dynamic, non-linear, pushover, capacity analyses etc.), [6] , [7] , [8] , [9] , • Comparison and discussion of code provisions, [10] , [11] , [12] , [13] • Experimental studies, [14] , [15] .
Regarding the torsional irregularities, most of the codes have similar provisions which are basically based on principles of the well known standard of IBC09 (UBC97, ASCE7), [16] , [17] , [18] . A certain number of studies are devoted to the discussion and interpretation of the provisions in UBC97, IBC09 and other seismic codes.
Duan and Chandler have proposed an optimized procedure for seismic design of torsionally unbalanced structures, [1] . Ozmen (2002) has investigated geometric and structural aspects of torsional irregularity according to Turkish Earthquake Code (TEC), [2] . Demir et al. have investigated torsional irregularity factors which effect multi storey shear wall-frame systems according to TEC, [3] . Six type structures which have different story numbers, plan views and shear wall locations were analyzed. Ozmen (2004) has determined the structural wall positions which cause excessive torsional irregularity according to TEC and discussed the related code provisions, [4] . Tezcan and Alhan have proposed an increase in the calculated eccentricity in order to ensure an added and inherent safety for the flexible side elements, [5] . Penelis and Kappos have presented a methodology for modeling the inelastic torsional response of buildings in nonlinear static (pushover) analysis, aiming to reproduce the results of inelastic dynamic time history analysis, [6] . Dogangun and Livaoglu have examined the differences in results obtained by Equivalent Seismic Load Method, Mode-Superposition Method and Analysis Method in Time Domain, [7] . They presented some recommendations related to the usage of seismic analysis methods. Jinjie et al. developed a torsion angle capacity spectrum method for the performance-based seismic evaluation of irregular framed structures, [8] . Mahdi and Gharaie have evaluated the seismic behavior of three intermediate moment-resisting concrete space frames with unsymmetrical plan by using pushover analysis, [9] . Cosenza et al. have compared most of the results existing in the literature, suggested proposals of modification and underlined the importance of further studies in order to evaluate a condition of minimum torsional stiffness, [10] . Bosco et al. described a study devoted to define the application limits of an approximated design method about non-regularly asymmetric systems, [11] . They anticipated that to define clear limits is possible in seismic codes for the simplified approaches on irregular structures. Zheng et al. studied the criterion and relative regulations for torsional irregularity in UBC97 and EC8, [12] . The results obtained from the codes were compared and analyzed from the theoretical and practical aspects. Ozhendekci and Polat have introduced a parameter Q which is a ratio of the effective modal masses to be used to define the torsional irregularity of buildings, [13] . The code proposed ratio for the definition of the torsional irregularities is compared with the modified Q ratio. Jeong and Elnashai (2004) have proposed a layering technique, termed Planar Decomposition which furnishes detailed information on the demand and capacity of critical members, [14] . Jeong and Elnashai (2006) have described a local damage index that is sensitive to out-of-plane responses is and presented a method to combine local damage indices, [15] .
Torsional irregularity which is recognized in most of the seismic design codes, varies depending on a number of factors including
• Plan geometry, • Dimensions and positions of structural elements, • Story numbers.
The purpose of this study is first to determine the conditions for excessive torsional irregularity and then to discuss the validity of code provisions. In order to achieve this aim, a parametric investigation is performed on six groups of "Typical structures" with varying structural wall positions and story numbers. Number of axes of typical structure groups is varied between 5, 6 and 7 while story numbers are chosen as 1, 2, 4, 6, 8 and 10. All the structures are chosen as symmetrical in plan with respect to horizontal axis X. Hence, the behavior of structures will be examined only for the lateral loading in vertical Y direction only.
CODE PROVISIONS FOR TORSIONAL IRREGULARITY
The provisions of IBC09 regarding the torsional irregularities are summarized in the following, [15] . Here the accidental lateral load eccentricities of ±5% are amplified by the amplification factor The torsional amplification factor (A x ) shall not be less than 1 and is not required to exceed 3.0.
These provisions may be expressed alternatively as follows: In the following investigations the torsional irregularity coefficient η t is considered as the main parameter.
TYPICAL STRUCTURES
The 6 groups of "Typical Structures", which are selected to carry out the parametric study, are chosen as multi-story buildings composed of frames and walls. It has been shown previously that in terms of torsional irregularity, structural stiffness distribution is more effective than geometrical asymmetry, [2] . Hence the typical structures are chosen as having asymmetric walls in a rectangular plan. All structures are composed of 3.50×5.00 m 2 modules. Schematic floor plans of typical structures having 6 axes in direction X, which are designated as types A, B, C, D, E and F, are shown in Figure 3 The parametric studies of this study are independent of the magnitude of seismic forces that affect the structure. However, since it is aimed to obtain realistic results, the dimensions of the structural elements are determined by using a preliminary design process. Seismic parameters used in the analyses and designs of typical structures are as follows:
Schematic elevation of typical structures is shown in Figure 3 It is assumed that centers of gravity of stories are at the geometric centers of floor plans. Since all the typical structures are symmetrical with respect to axes X, investigations will be carried out only for loadings in direction Y. In lateral load analyses the unfavorable accidental eccentricity of +5% will be considered.
Typical structures groups consist of structures with 5, 6 and 7 axes in Y direction. Structure types included in these groups are shown in Table 3 .1. 
Each group comprises of structures with 1, 2, 4, 6, 8 and 10 stories. Thus the total number of investigated structures becomes 96. In the following, the structure groups with 5, 6 and 7 axes will be considered in turn and torsional irregularity properties will be investigated.
INVESTIGATION OF TORSIONAL IRREGULARITY COEFFICIENT
In this section, the structure groups with 5, 6 and 7 axes will be considered, the maximum torsional irregularity coefficient for each typical structure will be determined and the results will be discussed.
STRUCTURE GROUP WITH FIVE AXES
In this section seismic analysis of typical structures with 5 axes will be performed and the maximum torsional irregularity coefficients will be determined. Above given seismic parameters will be used in the analyses. Since the types E and F do not give unfavorable results of torsional irregularity, seismic analyses for these types are not included in the investigation. Cross sections of the columns which are denoted by C1, C2 and C3 in the floor plans are shown in Table 4 .1. 
Structures Type A with Five Axes
The details of the seismic analyses performed by using the above given parameters are not shown herein for the sake of brevity. Lateral loads, minimum, average and maximum story displacements, (δ min , δ avg and δ max ) together with torsional irregularity coefficients η t are shown in Tables 4.2 ~ 4.7 for structures with story numbers 1 ~ 10, respectively. Table 4 .3: Story displacements and torsional irregularity coefficients for 2-story structure Table 4 .4: Story displacements and torsional irregularity coefficients for 4-story structure It must be noted that maximum irregularity coefficient for all story numbers occur at lowermost stories. Variation of torsional irregularity coefficient will be discussed after the inspection of other structure types.
All Structure Types with Five Axes
Similar analyses are performed for types B, C and D with 5 axes and torsional irregularity coefficients are computed. As have been mentioned above, lateral loads used in these analyses are the same as those used for structures type A. Maximum torsional irregularity coefficients for all types with 5 axes are shown in Table 4 .8. Maximum values at each row are shown with bold numerals. Interpretation of the results will be presented in a separate section.
In this section seismic analysis of typical structures with 6 axes will be performed and the maximum torsional irregularity coefficients will be determined. Here again, above given seismic parameters will be used and equivalent lateral forces are computed only for typical structure type A. 
Structures Type A with Six Axes
The details of the seismic analyses performed by using the above given parameters are not shown herein for the sake of brevity. Lateral loads, minimum, average and maximum story displacements, (δ min , δ avg and δ max ) together with torsional irregularity coefficients η t are shown in Tables 4.9 ~ 4.14 for structures with story numbers 1 ~ 10, respectively. Table 4 .10: Story displacements and torsional irregularity coefficient for 2-story structure Table 4 .11: Story displacements and torsional irregularity coefficients for 4-story structure Here again maximum irregularity coefficient for all story numbers occur at lowermost stories. Variation of torsional irregularity coefficient will be discussed after the inspection of other structure types.
All Structure Types with Six Axes
Similar analyses are performed for types B, C, D, E and F with 6 axes and torsional irregularity coefficients are computed. As have been mentioned above, lateral loads used in these analyses are the same as those used for structures type A. Maximum torsional irregularity coefficients for all types with 6 axes are shown in Table 4 .15. 
STRUCTURE GROUP WITH SEVEN AXES
In this section seismic analysis of typical structures with 7 axes will be performed and the maximum torsional irregularity coefficients will be determined. Here again, above given seismic parameters will be used and equivalent lateral forces are computed only for typical structure type A. Cross sections of the columns which are denoted by C1, C2 and C3 in the floor plans are again as shown in Table 4 .1.
Structures Type A with Seven Axes
The details of the seismic analyses performed by using the above given parameters are not shown herein for the sake of brevity. Lateral loads, minimum, average and maximum story displacements, (δ min , δ avg and δ max ) together with torsional irregularity coefficients η t are shown in Tables 4.16 ~ 4.21 for structures with story numbers 1 ~ 10, respectively. Here again maximum irregularity coefficient for all story numbers occur at lowermost stories. Variation of torsional irregularity coefficient will be discussed after the inspection of other structure types.
All Structure Types with Seven Axes
Similar analyses are performed for types B, C, D, E and F with 7 axes and torsional irregularity coefficients are computed. As have been mentioned above, lateral loads used in these analyses are the same as those used for structures type A. Maximum torsional irregularity coefficients for all types with 7 axes are shown in Table 4 .22. 
GENERAL EVALUATION
In the preceding sections, seismic analyses of 96 typical structures with varying story numbers and structural wall positions have been performed. Maximum irregularity coefficients shown in Tables 4.8 It is observed that
• Maximum irregularity for all types occurs for single stories,
• Maximum irregularity for all story numbers occurs when the asymmetric walls are placed as close as possible to the gravity centers.
40 of the investigated 96 structures (42%) are subjected to excessive torsional irregularity. According to the code, these structures will be designed as having an irregularity coefficient of η t = 2.083 (A x = 3.00) , [15] . This situation may be considered as being quite peculiar.
For structures with 5, 6 and 7 axes, the structure types i.e. wall positions corresponding to maximum η t values are shown in Figure 4 .20. These wall positions are quite unexpected since they correspond to almost symmetrical arrangements. It is also observed in the preceding investigations that floor rotation angles are somewhat greater for the structures with walls near the floor edges as well as structures with higher number of stories. It is believed that floor rotation angles θ reflect the torsional behavior of the structures more realistically. Therefore, floor rotations of the typical structures should be investigated in detail. In the following, floor rotation angles will be examined and compared with the corresponding torsional irregularity coefficients.
INVESTIGATION OF FLOOR ROTATIONS
In the seismic analyses presented in the preceding sections, it is assumed that the floors act as rigid elements in their own planes and the structures undergo a displacement as shown schematically in Figure 5 .1.
Figure 5.1: Schematic displacement diagram
As can be seen in the figure, all stories undergo a rotation as well as displacements in two directions. In the following, the structure groups with 5, 6 and 7 axes will be considered in turn and these rotations will be examined.
STRUCTURE GROUP WITH FIVE AXES
As an illustrative example of structures with five axes, torsional irregularity coefficients η t and floor rotations θ of the 10-story Type A structure are shown in Table 5 .1. Enlarged δ floor displacements are also shown schematically in Figure 5 .2. As can be seen by inspecting both Table 5 .1 and Figure 5 .2, floor rotation angles significantly increase upwards, whereas the torsional irregularity coefficients decrease. It may be concluded that, torsional irregularity coefficients η t do not represent the torsional behavior accurately.
All Structure Types with Five Axes
Torsional irregularity coefficients together with maximum rotation angles for all structure types with five axes are shown in Tables 5.2 ~ 5.5. Maximum floor rotations for all types with 5 axes are shown in Table 5 .6. 
STRUCTURE GROUP WITH SIX AXES
As an illustrative example of structures with six axes, torsional irregularity coefficients η t and floor rotations θ of the 10-story Type A structure are shown in Table 5 .7. Floor displacement diagrams are also shown schematically in Figure 5 .3. It is seen that for this type also, floor rotation angles increase upwards, while the torsional irregularity coefficients decrease.
All Structure Types with Six Axes
Torsional irregularity coefficients together with maximum rotation angles for all structure types with six axes are shown in Tables 5.8 ~ 5.13. Maximum floor rotations for all types with 6 axes are shown in Table 5 .14. 
STRUCTURE GROUP WITH SEVEN AXES
As an illustrative example of structures with seven axes, torsional irregularity coefficients η t and floor rotations θ of the 10-story Type A structure are shown in Table 5 .15. Floor displacement diagrams are also shown schematically in Figure 5 .4. It is seen that for this type also, floor rotation angles increase upwards, while the torsional irregularity coefficients decrease.
All Structure Types with Seven Axes
Torsional irregularity coefficients together with maximum rotation angles for all structure types with seven axes are shown in Tables 5.16 Maximum floor rotations for all types with 7 axes are shown in Table 5 .22. Maximum values at each row are shown with bold numerals. Interpretation of the results will be presented in the following section.
GENERAL EVALUATION
In It is observed that
• Maximum irregularity for all types occurs for 10-story structures,
• Maximum irregularity occurs for Type A structures.
It is seen that these observations are quite contradictory with those obtained for torsional irregularity coefficients in Section 4.4. Scattering of floor rotations θ with respect to torsional irregularity coefficients η t is shown in Figure 5 .8. It is clearly seen that, floor rotations which may be considered as being the real indicator of the torsional behavior, are far from being compatible with the torsional irregularity coefficients. In fact, it can be said that these quantities are inversely proportional to each other.
Examination of the above mentioned observations yields the following conclusions:
• Torsional irregularity coefficients as defined in the regulations do not represent the torsional characteristics of the structures realistically, • Code definitions of torsional irregularity coefficients should be completely amended.
A NEW TORSIONAL IRREGULARITY DEFINITION PROPOSAL
It is asserted in the preceding sections that the torsional behavior of structures is represented more realistically by rotations θ of rigid floors. Hence, the new definition for torsional irregularity coefficient is proposed as It must be noted that this proposal is only provisional. An amendment of the definition for torsional irregularity coefficient seems to be a necessity but should be determined by using further comprehensive investigations on the subject.
CONCLUSIONS
In this study a parametric investigation is performed on six groups of structures with varying structural wall positions and story numbers. Findings on lateral load analyses are evaluated and the following conclusions are derived:
